Badly broken or structurally compromised posterior teeth are frequently associated with crown/root fracture. Numerous restorative materials have been used to fabricate indirect full-coverage restorations for such teeth. This study aims to evaluate and compare the effect of restorative materials on the stress distribution pattern in a mandibular first molar tooth, under varying loading conditions and to compare the stress distribution pattern in five commonly used indirect restorative materials. Materials and Methods: Five three-dimensional finite element models representing a mandibular first molar tooth restored with crowns of gold, porcelain fused to metal, composite (Artglass), alumina-based zirconia (In-Ceram Zirconia [ICZ]), and double-layered zirconia-based materials (zirconia core veneered with porcelain, Lava) were constructed, using a Finite Element Analysis Software (ANSYS version 10; ANSYS Inc., Canonsburg, PA, USA). Two loading conditions were applied, simulating maximum bite force of 600 N axially and normal masticatory bite force of 225 N axially and nonaxially. Results: Both all-ceramic crowns allowed the least amount of stress distribution to the surrounding tooth structure. In maximum bite force-simulation test, alumina-based all-ceramic crown displayed the highest von Mises stresses (123.745 MPa). In the masticatory bite force-simulation test, both all-ceramic crowns (122.503-133.13 MPa) displayed the highest von Mises stresses. Conclusions: ICZ crown displayed the highest peak von Mises stress values under maximum and masticatory bite forces. ICZ and Lava crowns also allowed the least amount of stress distribution to the surrounding tooth structure, which is indicative of a favorable response of the underlying tooth structure to the overlying full-coverage indirect restorative material. These results suggest that ICZ and Lava crowns can be recommended for clinical use in cases of badly damaged teeth.
INTRODUCTION
Esthetic single-tooth restorations are a major focus of contemporary restorative dentistry. It is evident that material properties are one of the major factors that govern clinical judgment while fabricating a crown. [1] [2] [3] Vast strides have been made, exploring better materials to restore badly damaged posterior teeth.
In the present day, esthetic acceptability and biocompatibility are the primary concerns in the consideration of restorative options, thus making all-ceramic restorations immensely popular even in the posterior region. However, conventional esthetic materials have demonstrated a high incidence of fracture when subjected to time-dependent stress. To overcome this drawback, double-layered crown systems have been developed, such as alumina-based (In-Ceram Zirconia [ICZ] ) and zirconia-based (Lava) materials. [4, 5] Besides all-ceramic materials, cast gold alloy, porcelain fused to metal, and ceramic-filled polymer crowns (Artglass) [6] [7] [8] are being routinely used in clinical practice. Furthermore, it has been documented that cast gold alloy crowns have the best longevity of all fixed restorations. [9, 10] Various studies have been conducted investigating failure behavior of individual restorative materials and the stress distribution pattern using finite element analysis (FEA). [5, [11] [12] [13] However, negligible research has been conducted to record the response of the underlying tooth structure to stresses transmitted through different restorative materials. Moreover, there has been limited comparative evaluation of the stress distribution pattern in the aforementioned restorative materials in the past literature.
This study aimed at a comparative evaluation of the stress distribution pattern in the dentinal portion of a mandibular first molar tooth restored with five different restorative materials and a comparative evaluation of the maximum stress values induced within these restorative materials, following different loading conditions.
MATERIALS AND METHODS
The study was performed using a three-dimensional (3D) FEA. [14] A 3D cross-sectional model that consisted of 70217 nodes and 49264 elements representing the mandibular right first molar was constructed, using an FEA Software (ANSYS version 10; ANSYS Inc., Canonsburg, PA, USA). This model was then modified accordingly to incorporate approximate dimensions of different crown systems. The crown systems involved in this study are as follows:
• Porcelain fused to base metal alloy (Nickel-Chromium alloy) crown (PFM) The shape and dimensions used to model the tooth and the different crown preparations were obtained from Wheeler's dental anatomy, physiology, and occlusion [15] and from Contemporary fixed prosthodontics, [9] respectively. The models also included the pulp chamber (distance from the floor of the pulp chamber to the furcation is 3 mm; the ceiling of the pulp chamber is at the level of the cementoenamel junction and height of pulp chamber is 2 mm), the periodontal ligament (0.25 mm), cortical (1.5 mm), cancellous portion of the alveolar bone (3 mm) and glass ionomer cement layer (100 µm). The dimensions for the crown systems are presented in Table 1 . Elastic properties of materials and structures modeled in the study (Elastic modulus [E] and Poisson's ratio [v] ) were determined from literature and are presented in Table 2 .
The models were fixed in the nodes at the surfaces of the alveolar bone and the following assumptions were included 
Poisson's ratio
Dentin [16] 18.6 0.31 Pulp [16] 0.002 0.45 Periodontium [17] 0.069 0.45 Cancellous bone [17] 1.37 0.30 Cortical bone [17] 13.7 0.30 Nickel-chromium alloy [18] 205 0.33 Veneering porcelain [18] (porcelain fused to base metal) 68.9 0.28
In-Ceram Zirconia core [11] 250 0.26 In-Ceram veneering porcelain [11] 80 0.30 Lava core [19] 205 0.19 Lava veneering material [19] 70 0.19 Artglass [13] 28.6 0.24 Cast gold metal alloy (Type III gold) [20] 91 0.33 Glass ionomer cement [20] 7.56 0.35
in the finite element model: (1) all solids are homogeneous, isotropic, and linear elastic; (2) no slip was permitted between components (perfect bonding), (3) the cement layer is of uniform thickness; and (4) there are no flaws in any component.
The loading protocol followed in this study was according to previously conducted studies by Imanishi et al. [5] and Nakamura et al. [13] A distributed load simulating maximum bite force of 600 N was applied in the axial (vertical) direction. Eight different loading points were selected: three points on the outer inclines of the buccal cusps, three points on the inner inclines of the buccal cusps, and two points on the inner inclines of the lingual cusps, as shown in Figure 1a . A load of 75 N was allotted for each point. Thereafter, a distributed load simulating normal masticatory bite force of 225 N was applied axially and nonaxially: 0° to the tooth axis (vertically) (axially) [ Figure 1b ], 45° to the tooth axis (angularly) (non-axially) [ Figure 1c ], and 90° to the tooth axis (horizontally) (non-axially) [ Figure 1d ]. Three loading points were selected on the outer inclines of the buccal cusps and a load of 75 N for each point was applied.
Results were determined by considering von Mises criteria. The FEA revealed stresses at every node in each model. These results were displayed as stress contours overlaid on the original model. The calculated numeric data of stress in the models were transformed into color graphics. The respective numerical values of the stresses (MPa) have been given in the appendix using the color code for the respective conditions. The peak von Mises stress values in the dentinal portion of the restored tooth and the peak von Mises stress values induced within the five restorative materials were then tabulated, as indicated in Tables 3 and 4 , respectively.
RESULTS
A consistent pattern of stress distribution was noted across all the models. The results of the von Mises stress values reveal that areas of maximum stress concentration were located in cervical third root region (in proximity to the cervical line) when the restored mandibular first molar tooth was subjected to a load of 600 N and 225 N directed axially. However, when the masticatory bite force was applied nonaxially, the areas of maximum stress concentration were located in the middle third crown region. In addition, higher stress values were noted in the cervical third portion of the roots when subjected to nonaxial masticatory bite force.
Estimation of the Von Mises Stress values in the dentinal portion of a restored mandibular first molar tooth revealed the following
Under a load simulating maximum bite force, highest value was recorded for the model simulating Artglass crown Under a load simulating normal masticatory bite force, a 3-fold analysis of the von Mises stresses was conducted according to the angulation of the applied force. The first part reveals peak von Mises stress values at 225 N applied at 0° angulation. The highest stress value was recorded 
DISCUSSION
The results support the rejection of the null hypothesis that the type of restorative material used to fabricate a posterior complete coverage crown would not affect the stress distribution pattern within the tooth-restoration complex of a mandibular first molar tooth. It was observed that these materials have an effect on the stress distribution pattern within the restoration-tooth complex when subjected to different loading conditions.
The analysis of the von Mises stress values revealed that ICZ and Lava crowns allowed the least amount of stress distribution to the surrounding tooth structure, followed by PFM crowns. Complete cast gold alloy crown allowed lesser amount of stress distribution to the surrounding structures compared to Artglass crown. In addition, the present study revealed areas of maximum stress concentration in cervical third root region when the restored tooth simulation was subjected to maximum bite force and vertical masticatory bite force. However, the areas of maximum stress concentration were located in the middle third crown region when the models were subjected to angular and horizontal masticatory bite force. Furthermore, higher values of stress were also noted in the cervical third portion of the roots when subjected to angular and horizontal masticatory bite force. This finding was in agreement with a past report proposed by Hojjatie and Anusavice. They attributed this phenomenon to the bending and deformation of the tooth toward the lingual side, upon horizontal loading. [21] On analysis of the peak von Mises stress values induced within the five different restorative materials, the results in the present study support previous findings. ICZ and Lava crowns exhibited the highest peak von Mises stress values induced within the restorative material. This indicates that these crowns endured maximum stress values before distributing them to the underlying tooth structure. These results can be used to complement the purpose of the present study. Areas of maximum stress concentration were located at the loading points of the crowns for all model simulations. Moreover, increased levels of stress were also located at the cervical third of the crown when the direction of the masticatory bite force was changed from angular to horizontal direction. This was in agreement with previous FEM studies. [5, 13] Literature review reveals various FEM studies [5, 11, 13, 18] conducted to evaluate the stress distribution pattern in different restorative crown materials used to restore a posterior tooth. Nevertheless, the objectives of the present study have been intended to complement the abovementioned studies since it seeks to examine effects that differ from those mentioned in the above studies.
The stress distribution analysis in the present study was performed by means of the quantitative association of the main maximum stresses by the von Mises criteria. When a restoration-tooth complex is subjected to loading, a combination of shear and maximum principal stresses develop within the system (known as the complex stress state). Since von Mises criteria method depends on the entire stress field, it has been commonly used as indicator for the possibility of damage occurrence. [17] In addition, since restorative materials and the underlying tooth structure are subjected to complex loading conditions including both functional and parafunctional stresses, this study aims to simulate these conditions by subjecting the computer models to a maximum bite force of 600 N and mean normal masticatory force of 225 N at three different angulations, namely, 0°, 45°, and 90°. [13] Hence, this analysis can be considered as the estimation of the worst case scenario. A load of 600 N was employed in this study to simulate the maximum bite force. Hagberg [22] reported an average maximum bite force of 600-750 N between the molar teeth in western populations. Tortopidis et al. [23] recorded the maximum biting forces of 580 N between the molars bilaterally. Thus, 600 N is considered to represent an average maximum bite force in the molar region. The present study also included a load of 225 N to simulate the masticatory bite force. This was in agreement with Imanishi et al. [5] They considered a load of 225 N to simulate the masticatory bite force in their study. This was followed based on a report by Lungren and Laurell who stated that the usual masticatory force was approximately 37% of the maximum biting force of 600 N. [24] The study had the following limitations. In this study, the 3D finite element models were constructed using standard anatomical data in literature. However, complicated geometrical features of the teeth were simplified during the manual construction of the FE models. In addition, several assumptions were made during designing of the models. Since the stress distribution pattern directly depends on the model design and the materials' properties assigned to each layer of the model, any inaccuracy may be directly reflected in the results. The magnitude and direction of the maximum bite force and masticatory bite force considered in this study are averaged values and may not match the in vivo conditions accurately. In addition, this study included simulations that were modeled with ideal shape of the tooth preparation and which provided an accurate fit for the restoration to the underlying tooth structure. These variables, however, may not be replicated in a badly damaged posterior tooth in a clinical situation.
Mechanical problems relating to fracture of the tooth/root have been reported as one of the complications for single crown restorations, in addition to porcelain fracture, loss of retention, periodontal disease, caries, and need for endodontic treatment. [25, 26] Most clinical situations causing restoration of a single posterior tooth with a complete coverage crown may be a consequence of previous treatment procedure such as endodontic treatment or a large existing restoration that has failed due to caries or fracture. As a consequence, these conditions can result in a decrease in the load-bearing capacity of the underlying tooth structure. [27] The tooth-restoration complex is subjected to occlusal loads which vary dramatically in magnitude, frequency, and duration. [28] This can result in considerable stress concentration within the tooth-restoration complex, which can further result in crack formation and propagation causing fracture and structural failure. Thus, the stress distribution within a system can be used as an indicator of its biomechanical behavior. [29] Failure of the restoration-tooth complex can occur in the form of noncarious cervical lesions in the tooth, cervical bone loss, and even tooth fracture. Since ICZ and Lava crowns exhibited least amount of stress distribution in the dentinal portion of the tooth upon angular and horizontal masticatory bite force loading and revealed stress values closest to PFM crown upon maximum bite force loading, these all-ceramic restorative materials can be considered as biomechanically favorable restorative materials for fabrication of a full coverage crown on a mandibular first molar tooth, in terms of stress distribution. This study suggests that all-ceramics crowns can be recommended for clinical use in cases of badly damaged or structurally compromised teeth. However, it has been reported that ceramic materials are subjected to time-dependent stress failure which is attributed to the degradation of this material in aqueous environment due to subcritical crack growth (stress corrosion). Thus, it is of utmost importance to investigate fatigue properties of dental ceramics in an aqueous environment before employing these materials in routine restorative dentistry for posterior prosthetic reconstructions. [30] Various clinical studies have been conducted in the recent years to assess the clinical performance of zirconia crowns in the oral environment. [31] [32] [33] [34] It was noted that a number of factors affected the clinical performance of these crowns, namely, marginal integrity, color match, secondary dental caries, wear of crown and opposing dentition, and cracks in the crown. However, fracturing of the veneering porcelain was noted to be the most predominant factor, resulting in the introduction of monolithic, anatomical contour design for zirconia crowns. [34] 
CONCLUSION
Within the limitations of the present study, the following conclusions were drawn:
• ICZ and Lava crowns allowed the least amount of stress distribution to the underlying dentine when subjected to nonaxial masticatory bite force, followed by PFM crown. PFM crown allowed the least amount of stress distribution to the dentine when subjected to axial maximum and normal masticatory bite force. However, ICZ and Lava crowns had similar stress values to the PFM crown when subjected to maximum bite force • ICZ crown displayed the highest peak von Mises stress values under maximum bite force directed axially, followed by Gold, Lava, PFM, and ART • ICZ and Lava crowns displayed the highest peak von
Mises stress values when subjected to axial and non-axial masticatory bite force, followed by PFM, Gold, and ART.
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